We report the first use of a room-temperature liquid iron precursor, n-butylferrocene, to deposit polycrystalline BiFeO 3 films by metallorganic chemical vapor deposition. From X-ray photoelectron spectroscopy, the Bi/Fe atomic ratio is observed to be ϳ1. Electrical measurements show that the films exhibit ferroelectric characteristics at room temperature with negligible charge leakage. Magnetic measurements reveal a room-temperature saturation magnetization of ϳ8 emu/cm 3 and provide evidence for a possible spin reorientation transition near 140 K. Data on magnetic-field dependence of dielectric constant at 18 GHz provide evidence for magnetic-ferroelectric coupling in the film, indicating potential for application in high-frequency tunable devices. Single-phase multiferroic materials, particularly BiFeO 3 , have been the focus of a renewed interest in recent years. Bismuth ferrite ͑BiFeO 3 ͒ is multiferroic, having a high ferroelectric Curie temperature and developing spiral-antiferromagnetic order below 643 K. It is unique because BiFeO 3 ͑BFO͒ is the only known single-phase material that is multiferroic at room temperature. Therefore, it has enormous potential for applications in spintronic devices, nonvolatile ferroelectric random access memory, microwave technology, sensors, and microactuators.
Single-phase multiferroic materials, particularly BiFeO 3 , have been the focus of a renewed interest in recent years. Bismuth ferrite ͑BiFeO 3 ͒ is multiferroic, having a high ferroelectric Curie temperature and developing spiral-antiferromagnetic order below 643 K. It is unique because BiFeO 3 ͑BFO͒ is the only known single-phase material that is multiferroic at room temperature. Therefore, it has enormous potential for applications in spintronic devices, nonvolatile ferroelectric random access memory, microwave technology, sensors, and microactuators. 1 Thin BFO films have drawn special attention with regards to the potential integration of BFO into the semiconductor technology and also because they have been demonstrated to exhibit a large polarization that is an order of magnitude higher than the bulk form. 2 Recently, enhanced magnetization behavior has been reported for BiFeO 3 thin films, though the reasons for such enhancements are still not fully understood and are still debated. 3, 4 Among the various preparation techniques, pulsed laser deposition ͑PLD͒ and chemical solution deposition ͑CSD͒ have been the main reported methods used for fabricating BFO films. There have been few reports on using metallorganic chemical vapor deposition ͑MOCVD͒ for depositing BFO films. 2, [5] [6] [7] [8] MOCVD is arguably one of the most suitable techniques for depositing such complex oxide structures for fabrication of devices at a commercially viable scale. These films can be deposited over large areas with advantages of good composition control, conformal step coverages, and high uniformities, as are required for making devices. However, the applicability of MOCVD is highly dependent on the availability of suitable precursors, which should have a stable and reproducible highenough vapor pressure, should not decompose during delivery to the deposition chamber, and should not be hazardous. 9 Gas/liquid precursors are preferred over solid precursors because of the easier and reproducible control of their flow rates and their higher volatilities in general. 10 The unavailability of suitable liquid precursors has been the major reason for so few reports on MOCVD of BiFeO 3 . The commercially available iron precursors that have been used for the MOCVD of BiFeO 3 are iron͑III͒ tris͑2,2,6,6-tetramethyl-3,5-heptanedionate͒ ͓Fe͑tmhd͒ 3 or Fe͑thd͒ 3 ͔ 2,6,7 and tris͑diisobutyryl-methanato͒iron ͓Fe͑DIBM͒ 3 ͔. 8 Both these precursors are solids and have low decomposition temperatures. Therefore, these require nonconventional precursor delivery setups such as liquid injection 2, 7, 8 and solid feeder systems, 6 thereby increasing the complexity of the deposition and film-quality variability by introducing more parameters. Recently, we reported the first use of n-butylferrocene as an MOCVD liquid precursor for depositing iron-oxide films.
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N-Butylferrocene was shown to be an air-and moisture-stable liquid precursor with good thermal stability and sufficiently high vapor pressure for use in MOCVD. In the present study, we report the electrical and magnetic properties of the MOCVD BFO thin films deposited using this liquid iron precursor.
Earlier reports on MOCVD of BiFeO 3 focused on the ferroelectric properties for nonvolatile ferroelectric random access memory applications. Ueno films and reported a high saturation magnetization ͑ϳ70 emu/cm 3 ͒ attributed to the presence of impurity phases. However, no direct data on ferroelectric properties was reported in either of these reports. 7 In view of these varied and fragmentary results, we investigate the room-temperature ferroelectromagnetic properties of MOCVD BiFeO 3 films deposited using a new combination of precursors.
BFO nanofilms were prepared by MOCVD on platinized silicon substrates ͓Pt͑111͒/TiO 2 /SiO 2 /Si͔. N-butylferrocene ͑purity 99%, Strem Chemicals͒ and triphenylbismuth ͑purity 99%, Strem Chemicals͒ were used as the iron and bismuth sources, respectively. The iron and bismuth precursor bubblers were kept at 62.5 and 160.0°C, respectively. The precursor delivery lines were kept 10-15°C higher than the bubbler temperatures to prevent condensation of the precursors during the delivery. Thin-film depositions were done at 550°C and 15 Torr in a hot-wall quartz-tube reactor having a base pressure of 30 mTorr. Ultrahigh-purity argon with a flow rate of 40 sccm and oxygen at 200 sccm were used as the carrier gas and the oxidizer, respectively. The film thicknesses were measured using spectroscopic ellipsometry ͑J. A. Woollam Co., Inc., model M-44͒.
The phase and crystallinity of the film were characterized by glancing-angle X-ray diffraction ͑GAXRD͒ in the -2 scan mode. The GAXRD diffractogram was obtained at an incident angle of 0.5°using Philips X'pert equipped with a monochromatic Cu K␣ source. The results were analyzed using MDI Jade 8.0 X-ray diffraction ͑XRD͒ pattern processing software. 13 X-ray photoelectron spectroscopy ͑XPS͒ was used to obtain the film stoichiometry and oxidation states of Fe and Bi. The XPS analysis was done using Kratos AXIS-165 surface analysis system with a monochromatic Al K␣ X-ray source. Quantitative analysis was done using appropriate relative sensitivity factors with the spectral peak areas obtained after Shirley background subtraction. The film surface morphology was studied in a Hitachi S-3000N scanning electron microscope ͑SEM͒ at 5 kV accelerating voltage.
The film topography and ferroelectric properties were studied with a Park Systems ͑XE-100E͒ scanning probe microscope using dynamic-contact-mode electrostatic force microscopy ͑DC-EFM͒. 14, 15 In these experiments performed at room temperature, EFM images of the films were acquired by first polarizing the sample with a tip voltage of 10 V dc and then imaging the poled region by switching off the dc and applying an ac voltage with amplitude 0.25-0.5 V at 18 kHz. A Ti-Pt DC-EFM tip with a spring constant of 3.5 N/m was used for these studies. The topographic and EFM images of the films were obtained simultaneously. We measured the magnetization of the BFO thin film using a Quantum Design superconducting quantum interference device ͑SQUID͒ magnetometer. The room-temperature magnetization curve was corrected for the background contribution from the diamagnetic substrate by fitting the high field magnetization. The temperature-dependent magnetization was measured in an applied field of 1 kOe; these data were not corrected for the temperature-independent diamagnetic background from the substrate. The dielectric constant at 18 GHz was measured with the sample placed in a wave guide and measurements of scattering parameters with a vector network analyzer.
The choice of microwave frequencies for the measurement was to demonstrate the magnetic field control of a ferroelectric device such as a resonator. A vector network analyzer ͑Agilent E8361A͒ and commercial materials property measurement software ͑Agilent 85071͒ were used to obtain data on the real and imaginary parts of the dielectric constant. The technique involves inserting a sample of dimension approximately equal to the cross section of an 18-26.5 GHz waveguide and measurements of reflection and transmission coefficients.
The GAXRD diffractogram for the deposited film is shown in Fig. 1 . The diffraction peaks ͑012͒, ͑104͒, ͑202͒, ͑024͒, ͑116͒, and ͑214͒ corresponding to rhombohedral ͑R3c space group͒ BiFeO 3 ͑PDF pattern 04-009-2327͒ phase were observed, indicating that the deposited film was polycrystalline BiFeO 3 . 16 Furthermore, no secondary phases such as iron or bismuth oxides were observed. Figure  2 shows the XPS scans of the Fe 2p and Bi 4f core regions. In the Fe 2p core scan, the 2p 3/2 peak is positioned at 710.5 eV, with an additional distinctive shake-up satellite peak observed at 719 eV. These features indicate that the oxidation state of Fe in the deposited BFO films is Fe 3+ . 17 In the Bi 4f spectrum, the 4f 7/2 peak is located at 159 eV, indicating that Bi is in the 3+ oxidation state. 17 Moreover, quantitative analysis showed the Bi:Fe ratio to be unity within the experimental uncertainty of the technique.
The atomic force microscopy ͑AFM͒ topographical and highresolution ͑HR͒ SEM images are shown in Fig. 3 and are indicative of a film free of voids or defects. In order to probe the ferroelectric characteristics of this sample, we poled a portion of the film with 10 V dc applied to the tip as it was scanned over a 5 ϫ 5 m 2 area of the film ͑scan speed = 5 ms/pixel over 1024 ϫ 1024 pixel 2 ͒. We then obtained DC-EFM images of a 10 ϫ 10 m 2 area of the film that included the poled region. The images were obtained at different intervals of time elapsed after the initial poling. Figure 4 ͑left͒ shows representative EFM images for a 170 nm thick film. The poled region appears as a bright area, with the unpoled region having a darker contrast than the poled region. As time elapsed, the 
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Electrochemical and Solid-State Letters, 12 ͑5͒ H161-H164 ͑2009͒ H162 charge density of the single-poled region remains invariable. Figure  4 ͑right͒ shows profiles of the EFM intensity as a function of time for t = 1 -143 min after poling. The film retains its polarization over this period. The EFM measurements clearly indicate the ferroelectric nature of the films, although additional data such as polarization as a function of electric field would be helpful to obtain further information on the ferroelectric order.
These BFO films prepared by MOCVD also exhibited weak ferromagnetism. The room-temperature magnetic hysteresis loop, shown in Fig. 5a , yields a saturation magnetization of approximately 8 Ϯ 1 emu/cm 3 . This is in agreement with the magnetization expected in bulk BiFeO 3 ͑ϳ7 emu/cm 3 ͒, as suggested by density functional theory calculations, 7, 18 and is also consistent with the values observed previously for phase-pure BFO thin films grown by PLD and CSD. 4, 19 Higher values have been reported earlier in literature; however, the enhancement of magnetization in those reports has been attributed to the presence of either Fe 2+ ions or ␥-Fe 2 O 3 precipitates in the films. 4, 7, 20 Thus, the saturation magnetization value obtained in the present study is a further indication of the high quality of the films as evidenced by the XRD and XPS results discussed earlier. We also plot the temperature-dependent magnetization in Fig. 5b . The small peak near 50 K likely arises from magnetic ordering of oxygen adsorbed on the surface of the film, 21 but we also observe a significant magnetic anomaly near 140 K that could be related to a spin-reorientation transition at this temperature, as suggested by Raman measurements on single-crystal BFO. 22 This decrease in magnetization associated with a magnetic transition in BiFeO 3 is consistent with our argument that the room-temperature magnetization observed is an intrinsic property of these samples.
Evidence for magneto-dielectric coupling in the samples was obtained through the measurements of H dependence of real ͑Ј͒ and imaginary ͑Љ͒ parts of the effective dielectric constant for the film and the substrate at 18 GHz. The permittivity of the sample was estimated from the microwave reflection and transmission data. 23 Figure 6 shows such data for the 170 nm film. With increasing H, an increase in Ј and a decrease in Љ is observed. The magnetic-field tunability of the permittivity ␦Ј/Ј is on the order of 9% for H = 4 kOe, which must be compared with 10% tunability for TbMnO 3 for H = 90 kOe at low temperatures. 24 The BFO films may have potential use in tunable high-frequency devices.
In conclusion, BiFeO 3 thin films were grown on platinized silicon substrates at 550°C by MOCVD using a liquid iron precursor n-butylferrocene. EFM evidenced the ferroelectric properties at room temperature in the BiFeO 3 films and also indicated that the films had good charge-retention properties. From SQUID measurements at 300 K, a saturation magnetization value of ϳ8 emu/cm 3 was obtained. Coupling between the magnetic and dielectric subsystems has been demonstrated through magnetic-field dependence of dielectric permittivity. Thus, the existence of both a weak ferromagnetism and ferroelectricity at room temperature was demonstrated for deposited BiFeO 3 films. N-Butylferrocene and triphenylbismuth form a promising combination of MOCVD precursors for depositing crystalline BiFeO 3 films. . ͑Color online͒ ͑Left͒ EFM image of the 170 nm thick BiFeO 3 film grown at 550°C after 1 min poling ͑poled region is shown in the black square͒ and ͑right͒ EFM intensity vs time profiles after poling. Regions 1 and 2 are unpoled and poled regions, respectively.
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